ABSTRACT: The development and evolution of gullies on soil-mantled hillslopes can devastate agricultural regions and cause widespread soil and landscape degradation. Since 2000, international symposia have been organized to address gully erosion processes, and this paper and special issue provide additional context for the 7th International Symposium on Gully Erosion held at Purdue University in 2016. Several important themes of gully erosion emerged during this symposium that warranted additional discussion here. These topics include the importance and impact of technology transfer, disciplinary fragmentation as an impediment for research advancement, the difficulty in defining the erodibility of sediment within gullies, and the opportunities afforded by remote sensing technology. It is envisioned that such symposia will continue to enhance the capabilities of researchers and practitioners to monitor, model, and manage these important geomorphic processes and to mitigate landscape degradation.
Introduction
The 7th International Symposium on Gully Erosion was held at Purdue University, West Lafayette, IN, USA on 23-27 May 2016, organized by Robert Wells (USDA-ARS National Sedimentation Laboratory, Oxford, MS USA), Sean Bennett (University at Buffalo, Buffalo, NY, USA), Chi-hua Huang (USDA-ARS National Soil Erosion Laboratory, West Lafayette, IN, USA), and John Wainwright (Durham University, Durham, UK). The symposium brought together leading and emerging expert scientists and practitioners actively engaged in gully erosion research in a wide range of environments and from diverse perspectives. The program featured 44 presentations from researchers representing state and federal governments, consultancies, and universities from 15 different countries. Keynote presentations were given by Richard Cruse (Iowa State University; Gelder et al., 2018) , Irene Marzolff (Goethe University; Marzolff and Pani, 2018) , Tammo Steenhuis (Cornell University; Ayele et al., 2018) , and Norm Widman (USDA-NRCS), each of whom contributed to the symposium's theme: 'Integrating Processes, Management, and Prediction.' The symposium also featured technical workshops for hands-on training of erosion prediction technology and remote sensing as well as tours of an instrumented soil erosion site on a local farm and the USDA-ARS National Soil Erosion Laboratory. Lastly, selected papers written in support of this symposium are published in this special issue, addressing a broad spectrum of topics from across the globe.
The goal of the current paper is to provide additional background for gully erosion research. As seminal reviews of gully erosion processes have already been published elsewhere (Poesen et al., 2003; Valentin et al., 2005) , this paper seeks to provide additional context of selected gully erosion topics that emerged during and after this symposium. These topics include technology transfer, disciplinary fragmentation, erosion prediction technology, the erodibility of gully sediment, and geospatial technology. Each topic will be briefly discussed below.
The Global Impact of Gully Erosion and the Urgency for Technology Transfer
Soil erosion is the principal cause of soil degradation worldwide (Lal, 2001) , and off-site impacts of sedimentation can severely affect water quality, ecology, and terrestrial and aquatic habitat. Soil erosion rates from agricultural areas are consistently one to two orders of magnitude higher than the rates of soil production and losses on non-agricultural hillslopes (Montgomery, 2007) , and soil degradation can devastate crop yields and cause widespread famine (Lal, 2009) . Sedimentation is a leading cause of water quality impairment in the USA (US EPA, 1998; , 2000) , and such sediment loadings are not easily reversed (NRC, 2009) . The economic costs of soil erosion have been estimated to be up to $44B annually for the USA (Pimentel et al., 1995; Uri and Lewis, 1999; Lal, 2001 ) and $400B worldwide (Pimentel, 2006) . In the next 50 years, soils will be severely affected by increased population and changing land use, especially urbanization (NRC, 2009; , 2010) , further reducing the amount of arable land and threatening food resources and security.
Gully erosion remains a global driver of landscape and soil degradation. According to the Intergovernmental SciencePolicy Platform on Biodiversity and Ecosystem Services (IPBES), indices of landscape degradation can include land abandonment, declining populations of species, loss of soil and soil health, loss of rangelands and fresh water, and deforestation. Yet the rapid expansion and unsustainable management of agricultural and grazing lands is the most extensive global direct driver of degradation (IPBES, 2018) . While gullies may not be present on all hillslopes, when they do occur, gullies tend to be the dominant contributor to soil loss and sediment production (Poesen et al., 2003; Wu et al., 2018) . Total soil losses attributed to ephemeral gully erosion can range from 10 to 97% (Bennett et al., 2000; Poesen et al., 2003; Capra, 2013) . Rates of soil loss due to permanent gullies significantly exceed losses observed in agricultural areas, which can be the leading cause of landscape degradation worldwide (Castillo and Gómez, 2016; Ayele et al., 2018) . Hillslope incision due to gully erosion can also increase landscape dissection and fragmentation. Landscape fragmentation may render such individual agricultural fields too small for the use of modern farming machinery, and the efforts and costs to reconnect these smaller fields might be prohibitive (Dotterweich et al., 2012) . Moreover, the development of gullies often creates additional soil erosion and hydrologic phenomena that can worsen these already poor environmental conditions (Poesen et al., 2003; Poesen, 2018) .
Many causes of gully erosion have been identified, and these include natural and human-induced soil erosion processes (Poesen et al., 2003; Valentin et al., 2005) . Near-term global climate change, shifting land use, and increased population will potentially affect soil resources, aggravate gully erosion processes, and threaten agricultural productivity (Valentin et al., 2005; Golosov et al., 2018; Marzolff and Pani, 2018; Nichols et al., 2018; Poesen, 2018) . These external drivers strengthen the importance of and increase the urgency for gully erosion research and the combined efforts of monitoring, modeling, and managing soil loss processes and landscape degradation (Poesen, 2018) .
Technology transfer of research results to environmental stewards is an effective strategy for land management. International symposia and peer-reviewed publications are excellent vehicles for technology transfer. Since 2000, seven international symposia were convened on the specific topic of gully erosion (Table I ). The organizers of these symposia are scientists from academia and research institutions from the US, Europe, and Asia with backgrounds in geomorphology, soil science, and agricultural engineering. These scientists recognize the importance of gully erosion research and the need to formalize a global discussion of these geomorphic phenomena and technology transfer. The symposia focused on the local-to-global impact of gully erosion, tools and technologies for erosion assessment, identification of natural and anthropogenic drivers of landscape degradation, theoretical and numerical frameworks for gully erosion prediction, and field demonstration of various methods for gully management, mitigation, and control.
These symposia have published 150 peer-reviewed papers, many of which have had a measurable impact in the discipline. A recent survey of the most cited papers from each symposium (conducted in December, 2017 using Google Scholar) befittingly identified the primary research themes noted above. These highly cited papers focus on the global impacts of gullies and their mitigation (Poesen et al., 2003; Valentin et al., 2005; Poesen, 2011) , proposing theory for and the numerical modeling of gully development and evolution (Poesen et al., 2003; Foster, 2005) , and reporting on regional assessments of gully erosion processes and landscape degradation (Guerra et al., 2004; Brooks et al., 2009; Gómez-Gutiérrez et al., 2015) . In fact, the papers by Poesen et al. (2003) , from the first gully erosion symposium held in Leuven, Belgium, and Valentin et al. (2005) , from the second gully erosion symposium in Sicuani, China, are the most highly cited papers published to date on gully erosion (1105 and 636 citations, respectively; analysis conducted in September 2018 using Google Scholar). Several papers published from the 2000 and 2002 symposia also are highly cited.
Gully erosion and disciplinary fragmentation
A significant barrier to the study of gully erosion is the misleading nomenclature employed to define a gully and its geomorphic position within a landscape. This ontological impediment is due in part to the terms gully, ephemeral gully, and classic or permanent gully employed within the agricultural community and the use of similar terms in the geomorphic community. According to the Soil Science Society of America (2008), a gully is an erosional channel caused by intermittent concentrated water flow usually during and immediately after a heavy rainfall event. The channel typically is deep enough (>0.5 m) to interfere with normal tillage operations. These gullies are referred to as classic gullies (Foster, 1986; Poesen et al., 2003) . Ephemeral gullies, in contrast, are defined as small channels also eroded by concentrated flow that do not interfere with normal tilling operations (less than~0.5 m deep), with the added recognition that these channels, once removed by tillage, will reform in the same location by subsequent runoff events. Note that conventional tillage operation is the primary criterion used to discriminate between ephemeral and classic gullies. This implicitly suggests that ephemeral gullies are found only on agricultural land currently in production, and that such geomorphic features are restricted to relatively flat hillslopes (c. 5% or less; slopes that can support conventional tillage activity).
Yet gullies occur in a wide range of geomorphic and climatic environments, and their dimensions and impacts can vary widely. Gullies have been studied in all climate zones, under different land uses and land covers, and within a variety of surface geologies (Castillo and Gómez, 2016) . Momm et al. (2018) noted that a continuum exists between centimeterscale rills and decimeter-scale gullies within the same experimental landscape, where the transition from one erosion regime to another can be deduced using temporal and spatial signatures of the evolving terrain. Foster (1986) , Nachtergaele et al. (2002) , and Capra (2013) provide exhaustive reviews of occurrence, dimensions, and characteristics of ephemeral gullies within agricultural fields with examples worldwide. Edge-of-field or bank gullies, however, are erosional features typically several meters wide and deep that incise into streambanks, thus providing hydrologic connectivity between the upland area and floodplain to the nearby stream (Shields et al., 2002; Poesen et al., 2003) . Lastly, there are many examples of gullies and gully complexes that are much larger in size (up to tens of meters wide, for example) in nonagricultural terrains and having different names (Shellberg and Brooks, 2012; Castillo and Gómez, 2016) . These relatively larger gullies may dominate the geomorphic landscape (Gomez et al., 2003; Katz et al., 2014) , and they can persist in time for decades (Parkner et al., 2006) to several hundred years (Dotterweich et al., 2012 (Dotterweich et al., , 2013 ).
An important concept emerges here, one recognized by the participants of the recent gully erosion symposium in 2016. There exists a disciplinary fragmentation in the definition and use of the term 'gully erosion.' The agricultural engineering community, led by the US Department of Agriculture (USDA), clearly focuses on farm productivity and soil erosion management in landscapes dominated by sheet and rill erosion. There are logical reasons to aggregate these geomorphic processes and to separate them from relatively larger features such as ephemeral and classic gullies. In the 1950s and 1960s, a national need existed in the USA for a soil conservation tool to predict the likely annual soil loss in specific environments. This need was fulfilled by the Universal Soil Loss Equation (USLE, Smith, 1965, 1978) and the Revised Universal Soil Loss Equation (RUSLE, Renard et al., 1997) . By design, the developers of USLE and RUSLE focused on readily quantifiable parameters known to affect annual soil losses: rainfall-runoff erosivity, soil erodibility, slope length, slope steepness, cover management, and support practice. At that time, ephemeral or classic gully erosion processes were not considered explicitly.
Such conceptualizations are in stark contrast to the broader geomorphic community focused on gully erosion processes within the context of landscape evolution. Here, time and space scales can be relatively larger and slopes also can be much steeper in comparison with those considered by the agricultural community, given that these geomorphic landscapes are unencumbered by the need to be agriculturally productive (Poesen et al., 2003; Valentin et al., 2005; Shellberg and Brooks, 2012) . Geomorphic investigations of gully erosion have focused on the theoretical arguments for gully development and evolution, those processes directly affecting gully morphology, and numerical modeling of gully initiation and evolution (Bull and Kirkby, 1997) . The perspective of the geomorphic community clearly subsumes that of the agricultural community, especially in the classification of gully systems using topographic and morphologic information (Kirkby and Bracken, 2009) .
The agricultural community, by design, has restricted its focus of gully erosion processes to relatively smaller time and space scales on relatively shallower slopes in comparison with the geomorphic community. Gullies that develop on agricultural hillslopes may not be equivalent in form and process to gullies developed on geomorphic hillslopes and landscapes.
To this end, it would be helpful to identify two broad categories of gullies based on relative scale rather than land use, slope, local terms, or disciplinary leanings. 'Field gullies' would include all gullies that are relatively small in size compared with the geomorphic setting in which they are found or the landscape unit of interest. Field gullies, by definition, would include all gullies in association with agricultural landscapes. 'Landscape gullies' would include all gullies that are relatively large in size, such that these erosional features would dominate the local geomorphic landscape in which they occur or the landscape scale of interest. Researchers from different disciplines bring much diversity and expertise to the topic of gully erosion, but such backgrounds should not limit or impede scientific inquiry or technology transfer. By adopting such simple nomenclature, a convergence of forms and processes could emerge.
Gully erosion prediction technology
This disciplinary fragmentation between the agricultural and geomorphic communities is also evident in the formulation of gully erosion prediction technology. Within the agricultural community, the focus has been on developing a model (i.e. a demonstration tool) for an ephemeral gully, and an initial attempt was the Ephemeral Gully Erosion Model (Merkel et al., 1988; USDA-SCS, 1992; Woodward, 1999) . This model was conceptualized as a large, single channel occupying a topographic swale whose channel dimensions were a function of overland flow (most notably peak discharge), the depth of the tilled soil (c. decimeters), and the erodibility of the soil due to turbulent shear. Subsequent revisions included an actively migrating headcut at the gully head, erosion, transport, and deposition of sediment mixtures, various gully width predictors, and different management scenarios (Gordon et al., 2007 (Gordon et al., , 2008 Bingner et al., 2016) . Dabney et al. (2015) adopted a similar approach to include ephemeral gully erosion in the spatiallydistributed RUSLE2 model. These models assume that the gully already exists on the landscape, or that its point of origin is defined in time and space. Adopting the above classification, agricultural engineers are most interested in developing a model for field gullies.
The geomorphic community proposed several models for gully erosion within the context of landscape evolution. These models employ conservation equations, fluvial (advective) processes, mass-wasting (diffusive or discrete) processes, and various criteria for the initiation of a channel that could migrate upstream with time (De Ploey, 1989; Willgoose et al., 1991a , Willgoose et al., 1991b Howard, 1994 Howard, , 1999 Bull and Kirkby, 1997; Sidorchuk and Sidorchuk, 1998; Kirkby and Bull, 2000; Sidorchuk, 2005) . Recent landscape evolution models now include a gully headcut advance mechanism that considers the combined effects of plunge-pool scour and mass failure 48 S. J. BENNETT AND R. R. WELLS (Alonso et al., 2002; Istanbulluoglu et al., 2005; FloresCervantes et al., 2006; Rengers and Tucker, 2014, 2015; Allen et al., 2018) , which have been supported by specially-designed experiments . As noted by Vanmaercke et al. (2016) , rates of gully headcut advance are very sensitive to rainfall intensity. Adopting the above classification, geomorphologists are interested in developing models for field and landscape gullies. Interestingly, neither community has proposed an explicit mechanism for the formation of a gully, yet agricultural engineers and geomorphologists already recognize that gullyforming conditions can occur on landscapes. Topographic indices are typically expressed as a product of local slope and upstream drainage area, which are used as proxies for stream power and the susceptibility for landsliding (Torri and Poesen, 2014) . Such topographic indices were introduced by Zevenbergen and Thorne (1987) , Thorne and Zevenbergen (1990) , and Vandaele et al. (1996) to effectively demarcate the existence of ephemeral and classic gullies on relatively shallow hillslopes, and by Montgomery and Dietrich (1988, 1994) to define where channel heads are found on relatively steep hillslopes. As noted by Montgomery and Dietrich (1994) , channel initiation on hillslopes is controlled by a variety of processes and conditioned by the erodibility of the material. For ephemeral gullies on agricultural fields, these indices can be easily defined using digital topographic information and integrated into soil erosion prediction technology (Momm et al., 2012 (Momm et al., , 2013b . Other techniques are also available to define these topographic indices including data mining (Svoray et al., 2012) .
The erodibility of gully sediment
While various theories and models have been proposed for gully erosion, quantifying or predicting the erodibility of the geological materials within a gully remains a significant challenge. A common theoretical model to quantify or predict the erosion of cohesive sediment including soil is the excess shear stress equation,
where ER is erosion rate (L/T), k d is the material's erodibility coefficient (L 3 /F-T), τis the applied shear stress (F/L 2 ), τ c is the critical tractive shear stress of the material (F/L 2 ), and γis often assumed to be equal to 1. This equation was formally introduced by Foster et al. (1977) for the erosion of rills, and it and its derivatives have become entrenched in soil, cohesive sediment, and gully erosion prediction technology (Nearing et al., 1989; Hanson and Simon, 2001; Casalí et al., 2003; Merritt et al., 2003; Knapen et al., 2007; Gelder et al., 2018) .
Assuming that the gully material to be eroded is composed primarily of cohesive and non-cohesive clastic sediment, the controlling parameters that could affect k d and τ c can include physical, geochemical, and biological properties as well as land management practices (Knapen et al., 2007; Grabowski et al., 2011) , all of which can depend on time. For agricultural landscapes, functional relationships to predict the entrainment of soils typically include texture (sand, silt, and clay content), soil chemistry (concentrations of Na, K, Ca, and Fe and organic content), bulk density, and/or water content (Bryan, 1968; Römkens et al., 1977; Gilley et al., 1993; Liu et al., 2017 ; see reviews in Clark and Wynn, 2007; Ollobarren Del Barrio et al., 2018; Su et al., 2018) . Moreover, soil detachment may also depend upon the erosive forces applied (Rose, 1960 (Rose, , 1985 Park et al., 1982; Nearing et al., 1997) , and subsurface hydrologic conditions including piping (Tanaka, 1982; Huang and Laflen, 1996; Römkens et al., 2001; Bernatek-Jakiel et al., 2017; Wilson et al., 2018) . It is no surprise that such temporal and spatial variability at a given location or within a single experiment result in significant differences in the observed erosion rates (Römkens et al., 2001; Knapen et al., 2007) , and that no single, simple erodibility parameter currently exists (Bryan, 2000) .
Large variations in erosion rate of cohesive sediment prompted the development of devices and apparatuses to measure erodibility indices directly. These devices have been exhaustively tested in a wide range of environments and boundary conditions, but no single method has proven to be superior for soils (Tolhurst et al., 2000; Hanson and Cook, 2004; Wahl, 2010; Walder, 2015; Karamigolbaghi et al., 2017; Salem and Rennie, 2017) . A critical component in the successful application of the devices is accurately defining the applied force acting on the material.
Thus, the application of erosion prediction technology has the additional challenge of defining the erodibility of the material. Even though an excess shear stress equation is theoretically simple in concept and design, the time and space variation in the material's critical tractive shear stress and erodibility coefficient could vary by an order of magnitude or more (Hanson and Simon, 2001; Knapen et al., 2007; Karamigolbaghi et al., 2017) . This variation in material erodibility would increase the range of uncertainty in soil erosion predictions.
Rapid development and availability of geospatial technology
Geographical and spatial sciences can play a significant role in addressing soil erosion and landscape degradation, as already recognized by leading societies and researchers. The increased use of geospatial technology along with geographical information systems (GIS) and remote sensing can facilitate important breakthroughs in soil erosion research (NRC, 2009) . The use of remote sensing technologies (i.e. ground-based LiDAR [light detection and range] and close-range photogrammetry) and data can lead to more spatially-explicit and physically-based models of biophysical processes (NRC, 2010) . Moreover, readily-available high-resolution digital elevation models at the field-scale and the concept of advanced Digital Earth technologies are well within the realm of possibility in the near future, yet its success will depend on the availability of data and enhanced scientific knowledge of environmental services (Craglia et al., 2008 Foresman, 2008; Goodchild et al., 2012) . Finally, geo-browsers such as Google Earth, Microsoft Virtual Earth, NASA Worldwind, and ESRI ArcGlobe currently have worldwide and multi-scale visualization capabilities. These geo-browsers are expected to provide wider capabilities in disseminating information and linking models with environmental datasets to support environmental management (Yu and Gong, 2012) .
Employing various remote sensing technologies for gully erosion research is common place in field and laboratory settings, but there has been a remarkable shift in the resolution of such devices and the associated costs. For example, Martínez-Casasnovas (2003) detected the geomorphic change of gullies with aerial photography using 25-m grids with meter-scale resolutions. Marzolff and Poesen (2009) employed UAVs (unmanned aerial vehicles) and photogrammetry to define gully erosion processes using decimeter-scale grids with centimeter-scale errors. Ground-based LiDAR, photogrammetry, and hand-held devices can now describe ephemeral gully erosion using millimeter-scale grids with millimeter-scale errors 49 INTERNATIONAL GULLY EROSION SYMPOSIUM (Momm et al., 2013a; Wells et al., 2017; Castillo et al., 2018) . Moreover, the cost of such technology could be as little as $6000 for all hardware and software required for a selfcontained, ground-based photogrammetric system (Kršák et al., 2016; Wells et al., 2016 ; see also Castillo et al., 2015 Castillo et al., , 2018 .
Such tectonic shifts in the resolution and availability of remote sensing technology have two important implications. First, any landscape can now be digitally surveyed very quickly in time and at relatively low cost. In doing so, global-scale soil erosion assessment programs may very well abandon debatable model-based approximations (Trimble and Crosson, 2000) and use actual measurements and change detection models from repeated surveys (Momm et al., 2018) . This could greatly increase the accuracy of natural resource assessments and provide direct evidence in the evaluation of best management practices for soil loss. Second, soil erosion prediction technology is now being employed at a much coarser resolution (c. meters, Dabney et al., 2015) than the potential availability of spatial data. In previous iterations of soil erosion prediction technology, the size of gullies on agricultural fields was smaller than the grid resolution of models (Gordon et al., 2007 (Gordon et al., , 2008 . It is highly likely that technology will provide geospatial data at the scale of soil roughness, which is much smaller in size compared with rills and gullies and current soil erosion models. The use of advanced remote sensing technology could very well revolutionize natural resource management.
Conclusions
Gully erosion is a global driver of soil and landscape degradation. A recent symposium was organized to assemble leading experts actively engaged in gully erosion research in a wide range of environments with a broad range of interests. While seminal review papers have already been published on gully erosion processes, several topics emerged during and after this symposium, and selected topics are presented and discussed herein and summarized below.
1 Technology transfer in support of gully erosion research, including organized symposia and special issues of scientific journals, can effectively disseminate knowledge, tools, and techniques to environmental stewards actively mitigating and managing such erosional processes. 2 Terms such as gully, ephemeral gully, and permanent or classic gully can refer to markedly different forms and processes to researchers within specific disciplines. Such disciplinary fragmentation may create an impediment for scientific advancement. 3 Disciplinary fragmentation still exists in the development of gully erosion prediction technology primarily due to the geomorphic environments of interest. 4 Despite much effort, the temporal and spatial variation in the erodibility of gully sediments can be quite large, and there is no consensus on how to predict such erodibility indices. 5 The growing use of and reduced costs for remote sensing technology in gully erosion research might very well transform soil erosion models and natural resource assessments and management.
It is hoped that these observations contribute to the on-going discourse on gully erosion research, and that research efforts continue to be directed toward improving the mitigation and management of these important landscape degradation processes.
